Introduction
============

Diabetes mellitus is one of the greatest modern public health challenges. In diabetic patients prevalence of foot ulcers ranges from 4 to 10%, with lifetime risk of up to 25% and high recurrence rates. Over 20% of patients have poor healing of the primary ulcer and studies report 40-50% mortality rate at 5 years [@B1]. A major complication is lower limb amputation and diabetes accounts for 8 in 10 non-traumatic amputations, of which 85% follow a foot ulcer [@B2],[@B3]. Ulcers also pose a major economic burden, with the cost of care for diabetic foot disease in England being £580 million [@B4]. The current management strategy for ulcers involves offloading, revascularisation, treatment of infection, and debridement [@B5]. Several prospective therapeutic interventions are under investigation, including novel dressing products, laser therapy, hyperbaric oxygen therapy, negative pressure therapy, cells, growth factors, and bioengineered skin grafts [@B6]. However, overall, the evidence for these is weak and contradictory and current treatments are far from optimal. Given the significant personal and societal impact of ulcers, development of more effective treatments is of high priority.

The pathophysiology of diabetic foot disease is complex, involving intrinsic (neuropathy and vascular disease) and extrinsic factors (trauma, Charcot deformity, callus formation, and infection) that interact to generate a vicious cycle of pathogenicity [@B3],[@B5]. Intrinsic impairments in the wound healing process lead to ulcer persistence [@B3],[@B5],[@B7]. Normal acute wound healing proceeds via four phases: coagulation, inflammation, migration-proliferation, and remodelling [@B5],[@B7],[@B8]. Macrophages, fibroblasts, endothelial cells and keratinocytes migrate to the wound site where angiogenesis and fibroblast synthesis of extracellular matrix proteins occurs, stimulated by platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF) and transforming growth factor β (TGF-β). Closure depends on keratinocyte migration and wound contraction mediated by myofibroblasts. Temporary hypoxia after injury plays an important role, stimulating the early synthesis of growth factors, angiogenesis, and proliferation and migration of fibroblasts and keratinocytes [@B7]. Hypoxia inducible factor (HIF)-1α mediates the cellular adaptive response to hypoxia, upregulating expression of a host of genes, including VEGF and antioxidants such as heme oxygenase (HO)-1, resulting in a broad spectrum of protective effects [@B9]. Activation of the PI3K-Akt-mTOR pathway, involved in regulation of cell proliferation and survival, including expression of HIF-1α and B-cell lymphoma 2 (bcl-2), is also integral to normal wound healing [@B10]-[@B12].

Chronic wounds such as diabetic ulcers lose the orderly progression and synchrony of events that leads to rapid healing. Prolonged hypoxia due to vascular insufficiency causes oxidative stress, with excessive formation of reactive oxygen species (ROS), which leads to cell damage [@B5],[@B8]. Cells also have impaired response to oxidative stress, as hyperglycaemia impairs the function of HIF-1α [@B13],[@B14]. Hypoxia and hyperglycaemia have negative effects on neutrophil and macrophage function and vasculopathy leads to impaired recruitment of leukocytes, which predispose to wound infection [@B3],[@B5],[@B7]. There are also defects in angiogenesis, associated with reduced recruitment and dysfunction of endothelial progenitor cells, and impaired VEGF signalling [@B15], [@B16]. Compared to healthy subjects, fibroblasts isolated from diabetic ulcers show senescence and decreased proliferative response to growth factors. Derangements in migration and proliferation of keratinocytes occur, thus impairing wound re-epithelialization [@B5].

There are six noble gases in the atmosphere which are chemically inactive but very active biologically. Indeed, in the past decade there has been growing evidence for the cytoprotective effects of xenon and argon, although others such as helium may be cytotoxic [@B17]-[@B22]. Xenon protects neuronal cells [@B18],[@B23], cardiac myocytes [@B19] and tubular kidney cells [@B11],[@B12] from injury caused by oxygen-glucose deprivation *in vitro* and hypoxic-ischaemic injury *in vivo*. Recently, argon has also been shown to able to protect cells and organs from injury and promote cell survival, including *in vivo* in animal models. Argon protects rat cochlear hair cells from hypoxic and drug-induced injury [@B20], cardiomyocytes [@B24], and neuronal cells *in vitro* and *in vivo* [@B17],[@B21],[@B22],[@B25]-[@B28]. Unlike xenon whose extraction is very costly, argon exists in high natural abundance hence is low cost and has no anaesthetic/sedative properties when administered at normobaric pressure, making it a promising safe alternative for widespread use. In addition, our previous study [@B22] indicated that argon is unique when compared to other noble gases in terms of a strong cell proliferation property. We, therefore, set out to investigate whether argon exposure can enhance cutaneous wound healing and assess the effect of argon on key processes (angiogenesis, cell migration), cell types (endothelial cells, fibroblasts, macrophages and keratinocytes) and signalling molecules (VEGF, angiopoietin-1, TGF-β) involved in the wound healing process both *in vitro* and in a streptozotocin (STZ)-induced diabetic mouse model.

Methods
=======

Primary cell culture
--------------------

Human umbilical vein endothelial cells (HUVECs) were cultured in EGM-2 media (EGM-2 MV bullet kit, Lonza Biosciences, UK). Fibroblasts were cultured in DMEM media (Sigma-Aldrich, Dorset, UK), supplemented with 20 nM L-glutamine (Sigma-Aldrich, UK), 10% fetal bovine serum (Thermo Scientific, Epsom, UK) and 1% penicillin/streptomycin solution (Sigma-Aldrich). THP1 (human monocyte) were cultured in RPMI1640 media (Sigma-Aldrich), supplemented with 20 nM L-glutamine, 10% fetal bovine serum and 1% penicillin/streptomycin solution. Human epidermal keratinocytes (HEK) were cultured in EpiLife Medium supplemented with Human Keratinocyte Growth Supplement (Thermo Scientific). All cells were cultured in a humidified incubator at 37°C with 5% CO~2~ before experiments.

Gas exposure *in vitro*
-----------------------

Cells were cultured in serum-free media for 24-72 hours before being placed in a 1.5 L purpose-built, airtight, cell-culture chamber (Online supplemental Figure [1](#SM0){ref-type="supplementary-material"}A). The gas chamber had inlet and outlet valves and a fan to ensure equal distribution of gas within the chamber, and a sensor (Datex-Ohcmeda, Bradford, UK) to monitor the concentration of gas. The chamber was connected to calibrated flow meters to deliver the desired gas mixture (Datex gas monitor, Finland) of CO~2~ (5%), oxygen (20%) and argon (75%) or nitrogen (75%) at atmospheric pressure. The cells were exposed to the gas mixtures for 2 hours at 37°C, and then returned to a standard incubator and full culture medium.

Animals
-------

Adult male C57BL/6 mice (18-22 g) were used. Mice were given 60mg/kg of streptozotocin in 0.1 M (pH 4.5) citrate buffer by intraperitoneal injection once a day for 5 consecutive days to induce diabetes. Blood glucose levels from tail veins were measured 7 days after the fifth injection and repeated weekly. Mice with blood glucose levels above 250 mg/dL (13.9 mM) in two consecutive weeks were considered diabetic and used in subsequent experiments.

Excisional wound model
----------------------

Cutaneous wound experiments were performed 4 weeks after diabetes induction. Mice were anesthetized with 2% isoflurane and 80mg/kg ketamine and dorsal skin was shaved and sanitized with 70% ethanol. Four full-thickness excisional wounds were generated with a 4 mm sterile punch (Stiefel laboratories, USA). After which, mice were exposed to either 75% argon or 75% nitrogen balanced with oxygen at atmospheric pressure with an open gas delivery system (Online supplemental figure [1](#SM0){ref-type="supplementary-material"}B) for 2 hours once a day for 5 consecutive days.

Immunohistochemistry
--------------------

For *in vitro* fluorescence staining, cells were fixed in 4% paraformaldehyde. They were incubated in 5% normal donkey serum then with rabbit anti-CD34, anti-CD68, anti-HO-1, anti-angiopoietin 1, anti-TGF-β, anti-VEGF, anti-iNOS, anti-arginase or anti-bcl-2 (all 1:200, Abcam, Cambridge, UK). Fluorochrome-conjugated or biotin-conjugated secondary antibodies were used (Millipore, Livingston, UK). For *in vivo* staining, wounded skin specimens were harvested at day 3, 5, 8, 11 and 14 after gas treatment, fixed in 4% paraformaldehyde, and embedded in paraffin. After blocking with 10% donkey serum and permeabilisation with 0.1% triton solution, sections were probed with rabbit anti-CD34 (1:100), anti-CD68 (1:100), anti-HO-1 (1:500), anti-angiopoietin 1 (1:500), anti- TGF-β (1:200), anti-VEGF (1:100), anti-iNOS (1:500) or anti-arginase (1:2000). Samples were then incubated with biotinylated secondary antibodies (1:5000) followed by avidin- HRP solution, and developed with DAB solution (0.06% DAB in 0.05M Tris/pH 7.6 with 0.03% H~2~O~2~). Slides were counterstained with DAPI. Immunofluorescence of cell cultures was quantified using ImageJ software (1.47v, National Institutes of Health, MD. USA) and assessed by a technician blinded to the treatment groups. Fluorescent intensity was expressed as percentages of the mean value for naïve controls. For cutaneous wound specimens, microphotographs of twenty random fields were captured using an AxioCam digital camera (Zeiss, Welwyn Garden City, UK) mounted on an Olympus BX60 microscope (Olympus, Middlesex, UK) with Zeiss KS-300 software for semi-quantitative analysis of protein expression in wound area. The number of positive staining cells per area was counted.

Western blot analysis
---------------------

Protein was quantified by Bradford Protein Assay (Bio-Rad, Hemel Hempstead, UK). For protein extraction, samples (40 mg) were heated to 95°C for 10 minutes and denatured in sodium dodecyl sulphate (SDS) sample buffer (Invitrogen Ltd, Paisley, UK). The samples were loaded on a NuPAGE 4 to 12% Bis-Tris gel (Invitrogen) for electrophoresis and transferred to a PVDF membrane. The membrane was blocked using non-fat milk (Cell Signalling, Hitchin, UK) dissolved in Tris-buffered saline with Tween (TBS-T; 10 mmol Tris-HCl, 150 mmol NaCl, 0.1% Tween; pH 8.0), then probed with primary antibodies (1:1000), followed by an HRP-conjugated secondary antibody. Loading controls were α-tubulin or β-actin (1:10000, Sigma-Aldrich). Blots were visualized with the enhanced chemiluminescence (ECL) system (Santa Cruz, USA), and the protein bands were captured with GeneSnap and analysed using GeneTools software (Syngene, Cambridge, UK).

*In vitro* angiogenesis assay
-----------------------------

Angiogenesis was analysed using endothelial tube formation assay (Invitrogen, UK), following the manufacturer\'s instructions. Plates (96-well) were coated with Matrigel and HUVECs were seeded at a density of 1×10^4^ per well. HUVECs were treated with 75% argon or 75% nitrogen for 2 hours then replaced in a standard incubator for 4 hours. Tube formation was assessed at 2, 4, 6 and 8 hours after seeding using a phase-contrast microscope (Olympus CK30, Tokyo, Japan); the number of tubes in 10 fields was counted.

Scratch assay
-------------

Scratch assay was performed to assess HUVEC and fibroblast cell migration. When 90% confluence was reached, cells were cultured in serum free medium overnight and one artificial gap per well was scratched with a sterile plastic 1 ml micropipette tip to generate a uniform gap that was devoid of adherent cells. Cells were exposed to 75% argon or 75% nitrogen for 2 hours then returned to standard conditions. Gap closure was monitored using a phase-contrast microscope and defined as the mean percentage of the remaining cell-free area 24 hours after treatment compared with the initial wound area.

MTT assay
---------

MTT assay was performed 24 hours after gas exposure. Cells were incubated in 100 μL of 0.5 mg/mL 3-(4, 5-dimethylthiazol-2-yl) 2, 5-diphenyltetrazolium bromide (MTT) solution (CPLbiochem, UK) for 2 hours at 37°C, and then 100 μL dimethyl sulfoxide (DMSO) (Fischer, UK) for 10 minutes at room temperature. Optical densities (OD) of cell cultures were measured at 595nm spectrophotometrically with a microplate reader (MRX II, Dynex technologies, UK) and values normalised to control.

Trypan blue assay
-----------------

Trypan blue assay was performed 24 hours after gas exposure. Cells were dissociated with 0.25% trypsin-EDTA solution and re-suspended in EGM. 10 μL of each sample was mixed with an equal volume of trypan blue dye (Sigma-Aldrich) and pipetted onto a haemocytometer slide. The proportion of blue-staining cells were counted to determine the % cell death in each group.

Assessment of macroscopic wound healing
---------------------------------------

Photographs of each wound were taken at the indicated time points post-gas exposure and analyzed using Image J (NIH, Bethesda, Maryland, USA).

Statistics
----------

All data are presented as mean ± SD. Data were analysed with ANOVA followed by *post hoc* Tukey comparison. For two group comparison, two-tailed unpaired t-tests were used to determine the significances. A p \< 0.05 was considered to be statistically significant.

Ethics approval
---------------

All animal experiments were approved by the Animal Study Committee of Third Military Medicine University, Chongqing, China (N201203056) and conducted in accordance with the UK Animals (Scientific Procedures) Act 1986. All procedures are also compliant with the ARRIVE guidelines for reporting animal experiments.

Results
=======

Argon promoted angiogenesis
---------------------------

*In vitro* endothelial tube formation assay was used to assess the effect of argon on endothelial cell differentiation. The number of tubes formed by HUVECs was enhanced when cells were exposed to 75% argon compared to 75% nitrogen (p=0.0001) and the negative control (NC) group (p=0.0001) at 2 and 4 hours post-exposure (Figure [1](#F1){ref-type="fig"}A). Although there was enhanced tube formation in the nitrogen-exposed group at 6 hours, the argon group was still significantly higher than nitrogen (p=0.001) and NC (p=0.0001) at this time point. The effect of argon appeared to diminish over time although the same trend was observed in the positive control group.

We investigated whether argon could have the same effect *in vivo* in a diabetic chronic wound environment, using a mouse model well established in previous studies of impaired would healing in diabetes [@B29]. Consistent with *in vitro* observations, immunostaining for CD34, a marker of new vessel growth, indicated that there was increased blood vessel density in animals in the argon-exposed group compared to the nitrogen-exposed group at day 3 (p=0.0015) and 5 after injury (p=0.0071) (Figure [1](#F1){ref-type="fig"}B). These results suggest that argon promotes early angiogenesis, driving rapid formation of granulation tissue, during wound healing.

Argon promoted cell migration
-----------------------------

Exposure to argon accelerated HUVEC and fibroblast migration compared to the nitrogen-treated groups (HUVEC, p=0.0002; fibroblast, p=0.0055) (Figure [1](#F1){ref-type="fig"}C-D). Cell migration underlies angiogenesis and fibroplasia, hence this suggests beneficial effects of argon on speed of wound healing.

Argon stimulated angiogenic signalling
--------------------------------------

During wound healing the key drivers of angiogenesis are basic fibroblast growth factor (bFGF, initiates angiogenesis in the first three days) and VEGF (critical for angiogenesis from day 4 to 7). Other factors with angiogenic activity include TGF-β and angiopoietin-1, which stimulate production of bFGF and VEGF by macrophages and endothelial cells [@B7]. We hypothesised that the beneficial effect of argon on angiogenesis might correlate with upregulation of pro-angiogenic factors. Treatment of cultured fibroblasts with argon increased angiopoietin-1 expression, as shown by immunofluorescence staining (p=0.0004) and Western blot analysis (p=0.0002) (Figure [2](#F2){ref-type="fig"}A-B). Angiopoietin-1 protein expression was markedly increased in cutaneous wounds of argon-treated mice at 3 days after injury (p\< 0.05) (Figure [2](#F2){ref-type="fig"}C).

Furthermore argon augmented VEGF expression in cells (Figure [2](#F2){ref-type="fig"}D-E) and skin wounds of diabetic mice (Figure [2](#F2){ref-type="fig"}F). Altogether, these data provide evidence that argon can promote angiogenesis in skin wounds in diabetes.

Argon treatment induced upregulation of TGF-β and improved organisation of α smooth muscle actin (α-SMA) in fibroblasts
-----------------------------------------------------------------------------------------------------------------------

Fibroblast proliferation and synthesis of matrix proteins under the stimulation of growth factors such as TGF-β1, PDGF, FGFs and VEGF, is a key component of the proliferation phase of wound healing and implicated in the pathogenesis of diabetic foot ulcers [@B5],[@B7]. Argon induced TGF-β expression in human fibroblasts (Figure [3](#F3){ref-type="fig"}A-B) and increased levels of TGF- β in wounds of diabetic mice, although a significant effect was only seen at day 5 (Figure [3](#F3){ref-type="fig"}C).

A key TGF-β-mediated response is differentiation of fibroblasts to myofibroblasts, characterized by large bundles of actin-containing microfilaments, which are responsible for wound contraction. Impaired wound healing in diabetic ulcers is associated with failure of timely contraction [@B5],[@B7],[@B8]. To investigate whether argon has an effect on myofibroblast development, we treated fibroblasts with TGF-β to induce phenotype change, before conditioning with argon. Immunostaining showed that α-SMA expression was increased in TGF-β-treated cells compared to naïve, confirming successful induction of fibroblast-myofibroblast differentiation, but there were no significant differences in α-SMA expression between the argon and control groups (Figure [3](#F3){ref-type="fig"}D-E). Similarly, argon had no effect on α-SMA expression *in vivo* (Figure [3](#F3){ref-type="fig"}F). However, α-SMA showed more organised arrangement in argon-treated wounds, seen at day 5 and 8 (Figure [3](#F3){ref-type="fig"}F). This was associated with enhanced quality of wound healing and reduction of scar formation.

Argon exposure increased macrophage recruitment and activity
------------------------------------------------------------

A major factor contributing to poor healing of diabetic ulcers is dysregulation of inflammatory responses to injury with prolonged inflammation and hyperproduction of proinflammatory cytokines [@B5],[@B30]. Argon increased the recruitment of CD68+ macrophages into the wound site in the early stages of wound healing (Figure [4](#F4){ref-type="fig"}A). Argon also influenced macrophage phenotype. Upregulation of inducible nitric oxide synthase (iNOS), a marker of the pro-inflammatory M1 phenotype, was observed in THP-1 cells treated with argon. There was no change in expression of arginase (M2 phenotype marker) (Figure [4](#F4){ref-type="fig"}B). This suggests that argon promotes differentiation of monocytes to M1 macrophages. Similarly, there were increased iNOS+ cells early after injury in diabetic skin wounds after argon exposure and no significant difference in numbers of arginase+ cells between the nitrogen- and argon-treated groups (Figure [4](#F4){ref-type="fig"}C-D).

Argon promoted proliferation of keratinocytes
---------------------------------------------

Reepithelialization is essential for wound closure and involves epidermal cell migration and, for larger wounds, keratinocyte proliferation [@B5],[@B7]. Argon increased the proportion of proliferating HEKs in culture (Figure [5](#F5){ref-type="fig"}A). However the physiological relevance of this is uncertain. Analysis of the expression of filaggrin, a keratin-binding protein that is an epithelial cell marker, showed no differences between nitrogen- and argon-treated wounds from day 8 to 14 (Figure [5](#F5){ref-type="fig"}B).

Treatment with argon improved survival of endothelial and fibroblast cells
--------------------------------------------------------------------------

Argon increased endothelial cell viability assessed with MTT assay (p=0.0013) (Figure [6](#F6){ref-type="fig"}A). We also observed a trend towards a reduced cell death in argon-treated cultures but this did not reach statistical significance (p=0.057) (Figure [6](#F6){ref-type="fig"}B). As previous studies have shown that xenon and argon can inhibit apoptosis in rodent models of neural and renal injury [@B12],[@B25], we investigated whether improved cell survival after argon exposure was associated with upregulation of bcl-2 and HO-1. Immunofluorescence analysis showed that expression of bcl-2 was increased in argon-treated cells at 4 and 24 hours post-exposure relative to the controls (Figure [6](#F6){ref-type="fig"}C). Similarly, expression of HO-1 was enhanced in argon-treated HUVECs and fibroblasts (Figure [6](#F6){ref-type="fig"}D-E).

Argon accelerated cutaneous wound healing in diabetic mice
----------------------------------------------------------

Wound gross morphology and closure were assessed at several timepoints. After 14 days, there was essentially full closure of wounds in argon-treated animals. Argon-treated animals had significantly smaller wounds at day 5, 7, 9, 11 and 14 after injury compared to control (Figure [7](#F7){ref-type="fig"}A-B).

Discussion and Conclusions
==========================

In this study we found that argon exposure had positive effects on multiple processes involved in wound repair. It enhanced angiogenesis and cell migration, increased recruitment of macrophages and altered macrophage phenotype, enhanced function of myofibroblasts, and increased keratinocyte proliferation. Expression of VEGF, angiopoietin-1, TGF-β, HO-1 and bcl-2 were markedly increased following treatment. Consequently, cutaneous wound healing in diabetic mice was improved.

There is much interest in biologic agents designed to modify deranged molecular and cellular biology underlying impaired wound healing, including growth factors VEGF [@B31],[@B32] and PDGF [@B33], bioengineered skin grafts, and autologous mesenchymal stem cells [@B6]. However, results have been mixed and often show low efficacy, likely because optimal healing requires a multidimensional approach tackling numerous issues present such as inadequate angiogenesis, impaired fibroblast responses and immune dysfunction. Another area of interest in chronic wound management is application of non-thermal atmospheric-pressure plasma, including that of argon. Studies have shown that plasma treatment can promote wound healing, possibly through antibacterial effects, enhancement of angiogenesis, and stimulation of fibroblast, endothelial cell and keratinocyte proliferation [@B34]-[@B37], including in chronic and diabetic wounds [@B38],[@B39], and in a few clinical trials [@B40]-[@B42]. However, there exist issues with the use of plasma, such as the lack of standardisation of characterization of plasma physical characteristics and biological performance and definition of plasma parameters, in the face of a wide variety of plasma devices and sources [@B43],[@B44]. Studies have found differing effects of plasma on cell viability, cell proliferation and apoptosis dependent upon the specific plasma source, treatment regimen and duration, and time post-exposure of investigation [@B43],[@B45],[@B46].

Diabetes mellitus is associated with abnormal angiogenesis. This may be due to decreased VEGF expression, as a result of hyperglycaemia-induced decrease in transactivation of HIF-1α [@B14], lipid peroxidation [@B47], or insulin resistance [@B16]. Underexpression of TGF-β1 and bFGF, both capable of inducing VEGF, may contribute to impaired angiogenic response [@B16]. There may also be insufficient recruitment and defective function of endothelial progenitor cells (EPCs) [@B15]. Our study suggested that argon can rescue defective angiogenesis in diabetic wounds. We found an increase in the number of CD34+ endothelial progenitor cells in wounds after argon treatment. Early expression of VEGF was also increased by argon. This agrees with previous studies showing argon and xenon upregulate VEGF [@B24],[@B48]. The significance of this is highlighted by findings in diabetic mice that topical VEGF increased EPC recruitment, granulation tissue formation, and matrix deposition and epithelialization, leading to accelerated repair [@B31]. In addition, argon enhanced expression of angiopoietin-1, an important regulator of vascular development, inflammation and wound healing [@B49]. This may contribute to the observed improvement in angiogenesis as angiopoietin-1 or its derivatives are known to promote angiogenesis in a VEGF-independent manner [@B50],[@B51]. Angiopoietin-1 may also have positive effects on mobilization of EPCs from bone marrow, and wound re-epithelialization [@B52].

In this study argon enhanced migration of endothelial cells and fibroblasts. Cells from chronic wounds show reduced migration, possibly related to dysregulated connexin 43, JNK signalling or fibronectin [@B53],[@B54]. The effect of argon on these signalling pathways and processes should be investigated in future studies.

TGF-β has a central role in wound healing, and reduced TGF-β signalling contributes to non-healing wounds in diabetes [@B55]. We found that argon induced upregulation of TGF-β in fibroblasts. It has been suggested that glucose-mediated depression of signalling through the TGF-β/Smad pathway leads to impaired myofibroblast differentiation. Although there was no change in level of α-SMA, argon promoted better organisation of α-SMA in myofibroblasts, which may have contributed to improved quality of wound healing, and thus has potential important clinical implications.

Chronic inflammation is a hallmark of diabetic wounds. A substantial body of evidence suggests that this is associated with impaired transition of macrophages from pro-inflammatory M1 to anti-inflammatory M2 phenotype [@B29],[@B30],[@B56]. M1 macrophages usually appear in early stages of healing (up to day 5) and phenotypic switch occurs with progression of healing such that M2 macrophages predominate in the later proliferative stage (day 10) [@B57]. Persistence of pro-inflammatory macrophages is associated with reduced expression of VEGF and TGF-β1 [@B29]. These findings appear to contradict the results of this study, which showed that argon increased the numbers of M1 macrophages and had no effect on M2 macrophages in diabetic wounds. However, upregulation of pro-inflammatory macrophages only occurred early (at day 3) after injury, when macrophages usually exhibit M1 phenotype in normal wounds, so it may be the case that the argon-induced boost in early pro-inflammatory macrophages is beneficial for wound healing. Supporting this hypothesis, a study in a STZ-induced diabetic rat model [@B58] showed that diabetic wounds had insufficient M1 macrophages in the initial stage of healing. Furthermore, application of M2 macrophages does not improve but rather delays wound healing, which suggests M1 macrophages perhaps have important functions in early repair [@B59]. One possibility is that increased macrophage activity protects against infection, a major cause of non-healing.

In diabetic wounds, hyperglycaemia and excess oxidative stress impair keratinocyte proliferation and survival [@B8]. We demonstrated that argon could increase proliferation of human keratinocytes. We did not see an enhancement of reepithelialisation but this may have been because the effect of argon occurred early, before the period of time that we studied (day 8 to 14).

Enhanced wound healing by argon involves upregulation of HO-1. HO-1 is a cytoprotective enzyme maximally expressed at days 2 to 3 post-injury, which has a critical role in protection of cells from ROS [@B8],[@B60]. It is also involved in upregulation of VEGF [@B61]. Induction of HO-1 is reduced and delayed in diabetic chronic wounds, which are characterised by high oxidative stress, and HO-1 augments endothelial cell proliferation and capillary formation in angiogenic assay *in vitro* and can improve wound healing in a diabetic mouse model [@B60],[@B61]. Our results show argon upregulates HO-1, consistent with previous studies of the cytoprotective mechanisms of argon in retinal ganglion cells, cortical neuronal cells and rat hippocampus [@B26]-[@B28]. Argon also increased bcl-2 expression consistent with previous reports of xenon in protection of brain and kidney [@B62],[@B63]. Apoptosis may be an important target as diabetic wounds have high levels of apoptosis compared to normal acute wounds, with significantly enhanced caspase-8, -9, and -3 activity and low bcl-2 expression [@B64].

Our study is not without limitations. We have only used a single mouse model. The effect of argon might also be studied in the *db/db* diabetic mouse, the most commonly used model for human chronic diabetic wounds. Secondly, we only investigated the effect of one treatment regime, and, as the optimal concentration and exposure duration is unknown, this should be further explored. Furthermore, our data shows the mechanisms of argon action are enhancement of cell viability and prevention of apoptosis through upregulation of antioxidant proteins such as HO-1 and/or anti-apoptotic mediators e.g. bcl-2, which has been consistently demonstrated in previous studies of argon gas [@B17],[@B25]-[@B28]. Previous studies suggest regulation of HO-1 may involve signalling through ERK-1/2, whose expression is induced by argon, or HIF-1α [@B26],[@B28], and that the protective effect of argon may be partly due to upregulation of the PI3K-Akt pathway [@B27]. However, the main objective of this study was proof-of-concept, and further studies are required to elucidate the full mechanism of argon action.

In this study, we showed that a relatively short and low-intensity regime was effective in accelerating wound healing in a clinically relevant diabetic mouse model. Furthermore, argon has a good safety profile, few side effects, rapid onset of action, and is relatively inexpensive. In addition, unlike ordinary drugs, a unique advantage of gas treatment, e.g. argon, is that it does not require "good" blood flow and is ready to penetrate and reach regions including diabetic wounds with compromised blood supply. Together, our data suggest that argon may be a promising candidate for use in clinical management of diabetic ulcers, although further studies to investigate optimum concentration or administration route *vs* efficacy is warranted, before it can proceed to clinical trials.
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![**Argon exposure accelerated angiogenesis *in vitro* and *in vivo* and cell migration *in vitro*.** (**a**) HUVECs were seeded on growth factor reduced Matrigel and incubated in serum-free medium with (PC) or without 5 ng/ml FGF (NC, N2 and Argon), and exposed to room air (controls), nitrogen gas (20% O2 + 5% CO2 + 75% N2) or argon gas (20% O2 + 5% CO2 + 75% Ar) for 2 hours and then room air for 4 hours. Left: Pictures were taken at 2 hours after seeding. Representative images of six independent experiments each performed in triplicate are shown. Right: The number of tubes was counted in 10 fields/well at 2, 4, 6 and 8 hours after seeding. (**b**) Mice were exposed to nitrogen (25% O2 + 75% N2) or argon gas (25% O2 + 75% Ar). Left: CD34 expression in mouse cutaneous wounds was detected by immunohistochemistry. Cells were counterstained with DAPI (blue). Right: Fluorescent intensity of CD34 was quantified by densitometry and normalized to N~2~ at day 3 (n=12). (**c**) HUVECs were grown on collagen-coated plastic dishes. The cultures were wounded as described and exposed to room air (control), nitrogen gas (20% O2 + 5% CO2 + 75% N2) or argon gas (20% O2 + 5% CO2 + 75% Ar). Left: Pictures were taken at 16 hours after wounding of HUVECs. Representative images of six independent experiments are shown. Right: Percentage of wound closure (gap closure) at 16 hours after seeding in low-power microscopic fields (x20) in 6 wells was measured. (**d**) Fibroblasts were grown on collagen-coated plastic dishes. Left: Pictures were taken at 72 hours after wounding of fibroblasts. Representative images of six independent experiments are shown. Right: Percentage of wound closure (gap closure) at 72 hours after seeding in low-power microscopic field (x20) in 6 wells was measured. Data are means ± S.D.; \*P\<0.05, \*\*P\<0.01. NC, negative control; PC, positive control.](thnov09p0477g001){#F1}

![**Argon exposure enhanced expression of Angiopoietin-1 and VEGF *in vitro* and *in vivo*.** (**a**) Fibroblasts were incubated in DMEM/low glucose media containing 10% FBS and exposed to room air (control), nitrogen gas (20% O2 + 5% CO2 + 75% N2) or argon gas (20% O2 + 5% CO2 + 75% Ar). Left: Angiopoietin-1 expression (red) in fibroblasts was detected by immunofluorescence staining at 24 hours after gas exposure. Cells were counterstained with DAPI (blue). Right: fluorescent intensity of Angiopoietin-1 was normalized to control (n=6). (**b**) Left: Angiopoietin-1 expression in fibroblasts was detected by western blotting. Right: intensity of Angiopoietin-1 was quantified by densitometry and normalized to control (n=5). (**c**) Mice were exposed to nitrogen (25% O2 + 75% N2) or argon gas (25% O2 + 75% Ar). Left: Angiopoietin-1 expression in mouse cutaneous wounds was detected by immunohistochemistry. Representative images at 3, 5 and 8 days after injury are shown. Right: fluorescent intensity of Angiopoietin-1 was quantified by densitometry and normalized to N~2~ at day 3 (n=10). (**d**) Left: VEGF expression (red) in fibroblasts was detected by immunofluorescence staining at 24 hours after gas exposure. Cells were counterstained with DAPI (blue). Right: fluorescent intensity of VEGF was normalized to control (n=5). (**e**) Left: VEGF expression in fibroblasts was detected by western blotting. Right: intensity of VEGF was quantified by densitometry and normalized to control (n=5). (**f**) Left: VEGF expression in mouse cutaneous wounds was detected by immunohistochemistry. Representative images at 3, 5 and 8 days after injury are shown. Right: fluorescent intensity of VEGF was quantified by densitometry and normalized to N~2~ at day 3 (n=10). Data are means ± S.D.; \*P\<0.05, \*\*P\<0.01.](thnov09p0477g002){#F2}

![**Argon enhanced TGF-β expression *in vitro* and *in vivo* and improved α-SMA organisation *in vivo*.** (**a**) Fibroblasts were incubated in DMEM/low glucose media containing 10% FBS and exposed to room air (control), nitrogen gas (20% O2 + 5% CO2 + 75% N2) or argon gas (20% O2 + 5% CO2 + 75% Ar). Left: TGF-β expression (red) in fibroblasts was detected by immunofluorescence staining at 24 h after gas exposure. Cells were counterstained with DAPI (blue). Right: fluorescent intensity of TGF-β was normalized to control (n=5). (**b**) Left: TGF-β expression in fibroblasts was detected by western blotting. Right: intensity of TGF-β was quantified by densitometry and normalized to control (n=6). (**c**) Mice were exposed to nitrogen (25% O2 + 75% N2) or argon gas (25% O2 + 75% Ar). Left: TGF-β expression in mouse cutaneous wounds was detected by immunohistochemistry. Representative images at 3, 5 and 8 days after injury are shown. Right: fluorescent intensity of TGF-β was quantified by densitometry and normalized to N~2~ at day 3 (n=10). (**d**) Fibroblasts were incubated in DMEM/low glucose media containing 10% FBS without (Naive) or with (Control, N2 and Argon) 10 ng/ml TGF-β. Cells were exposed to room air (control), nitrogen gas (20% O2 + 5% CO2 + 75% N2) or argon gas (20% O2 + 5% CO2 + 75% Ar). Left: α-SMA expression (green) in fibroblasts was detected by immunofluorescence staining at 72 hours after gas exposure. Cells were counterstained with DAPI (blue). Right: fluorescent intensity of α-SMA was normalised to naïve (n=5). (**e**) Left: α-SMA expression in fibroblasts was detected by western blotting. Right: intensity of α-SMA was quantified by densitometry and normalized to naïve (n=6). (**f**) Top: α-SMA expression in mouse cutaneous wounds was detected by immunohistochemistry. Representative images at 3, 5, 8, 11 and 14 days after injury are shown. Bottom: fluorescent intensity of α-SMA was quantified by densitometry and normalized to N~2~ at day 3 (n=10). Data are means ± S.D.; \*P\<0.05, \*\*P\<0.01.](thnov09p0477g003){#F3}

![**Argon enhanced human macrophage recruitment and polarization to M1 phenotype *in vitro* and *in vivo*.** (**a**) Mice were exposed to nitrogen (25% O2 + 75% N2) or argon gas (25% O2 + 75% Ar). Left: CD68 expression in mouse cutaneous wounds was detected by immunohistochemistry. Representative images at 3, 5 and 8 days after injury are shown. Right: the number of CD68+ cells per 100x magnification field in 10 fields was counted (n=10). (**b**) THP1 were incubated in RPMI1640 containing 10% FBS without (Naïve) or with 10 ng/ml TGF-β (Control, N2 and Argon). Cells were exposed to room air (control), nitrogen gas (20% O2 + 5% CO2 + 75% N2) or argon gas (20% O2 + 5% CO2 + 75% Ar). Left: inducible nitric oxide synthase (iNOS, marker of M1 macrophage) and arginase (marker of M2 macrophage) expression in THP1 was detected by western blotting. Right: intensity of iNOS and arginase was quantified by densitometry and normalized to naïve (n=5). (**c**) Left: iNOS expression in mouse cutaneous wounds was detected by immunohistochemistry. Representative images at 3, 5 and 8 days after injury are shown. Right: the number of iNOS+ cells per 100x magnification field in 10 fields was counted (n=10). (**d**) Left: arginase expression in mouse cutaneous wounds was detected by immunohistochemistry. Representative images at 3, 5 and 8 days after injury are shown. Right: the number of arginase+ cells per 100x magnification field in 10 fields was counted (n=10). Data are means ± S.D.; \*P\<0.05.](thnov09p0477g004){#F4}

![**Argon enhanced human keratinocyte proliferation but had no significant effect on filaggrin expression *in vivo*.** (**a**) Keratinocytes were incubated in EpiLife media and exposed to room air (control), nitrogen gas (20% O2 + 5% CO2 + 75% N2) or argon gas (20% O2 + 5% CO2 + 75% Ar). Left: Ki-67 expression (green) in keratinocytes was detected by immunofluorescence staining at 24 hours after gas exposure. Cells were counterstained with DAPI (blue). Right: the number of Ki-67+ cells per 100x magnification field in 10 fields was counted and percentage of Ki-67+ cells was determined (n=8). (**b**) Mice were exposed to nitrogen (25% O2 + 75% N2) or argon gas (25% O2 + 75% Ar). Left: filaggrin expression in mouse cutaneous wounds was detected by immunohistochemistry. Representative images at 8, 11 and 14 days after injury are shown. Right: fluorescent intensity of filaggrin was quantified by densitometry and normalized to N2 at day 8 (n=10). Data are means ± S.D. \*\*\*P\<0.001.](thnov09p0477g005){#F5}

![**Argon exposure enhanced survival, bcl-2 and haem oxygenase (HO)-1 expression in HUVECs and fibroblasts**. HUVECs were incubated in endothelial growth medium (EGM) containing 2% FBS and fibroblasts were incubated in DMEM/low glucose media containing 10% FBS. Cells were exposed to room air (control), nitrogen gas (20% O2 + 5% CO2 + 75% N2) or argon gas (20% O2 + 5% CO2 + 75% Ar) for 2 hours. (**a**) HUVEC survival at 24 hours after gas exposure was determined by MTT assay and normalized to control (n=3). (**b**) Percentage HUVEC death at 24 hours after gas exposure was determined by trypan blue assay at 100x magnification (n=4). (**c**) Left: bcl-2 expression (red) in HUVECs was detected by immunofluorescence staining at 4 and 24 hours after gas exposure. Cells were counterstained with DAPI (blue). Right: fluorescent intensity of bcl-2 was determined from 5 images per group and expressed as MPI (n=4). (**d**) Left: HO-1 expression (green) in HUVECs was detected by immunofluorescence staining at 4 and 24 hours after gas exposure. Cells were counterstained with DAPI (blue). Right: fluorescent intensity of HO-1 in HUVECs was normalized to control (n=4). (**e**) Left: HO-1 expression (red) in fibroblasts was detected by immunofluorescence staining at 24 hours after gas exposure. Cells were counterstained with DAPI (blue). Right: fluorescent intensity of HO-1 in fibroblasts normalized to control (n=4). Data are means ± S.D.; \*\*P\<0.01.](thnov09p0477g006){#F6}

![**Effect of argon exposure on skin wound healing in mice.** (**a**) Macroscopic changes in skin wound site in mice exposed to nitrogen (25% O2 + 75% N2) or argon gas (25% O2 + 75% Ar). The day 0 picture was taken immediately after injury. Representative images from 2 individual animals in both groups are shown. (**b**) Percentage remaining wound area (wound area/the original wound area) at each time point (n=12). Data are means ± S.D.; \*P\<0.05, \*\*P\<0.01.](thnov09p0477g007){#F7}
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